Using a new competition assay, we investigated the effect of DNA negative supercoiling on the DNA sequencespecific binding (SSDB) of human wild-type (wt) p53 protein. We found that supercoiled (sc) pBluescript DNAs with different inserted p53 target sequences were stronger competitors than a mixture of scDNA pBluescript with the given 20-mer target oligodeoxynucleotide. ScDNAs were always better competitors than their linearized or relaxed forms. Two DNAs with extruded cruciforms within the target sequence were the best competitors; removal of the cruciforms resulted in a decrease of competitor strength. In contrast to the full-length wt p53, the deletion mutant p53CD30 and the p53 core domain (93-312 aa) showed no enhancement of p53 SSDB to scDNA, suggesting that, in addition to the p53 core domain, the C-terminal was involved in this binding. We conclude that cruciforms and DNA bends contribute to the enhancement of p53 SSDB to scDNA and that the DNA supercoiling is an important determinant in the p53 sequence-specific binding. Supercoiling may thus play a significant role in the complex p53-regulatory network.
Introduction
The p53 tumor-suppressor protein plays a critical role in the cellular response to DNA damage by regulating the expression of genes involved in controlling DNA repair, cell proliferation and apoptosis (Levine, 1997; Hupp, 1999; Jayaraman and Prives, 1999) . Its mutation was found in more than 50% of human malignancies mapped predominantly to the protein core domain. This domain is responsible for sequence-specific DNA binding (SSDB) to the p53 consensus sequence (CON, two copies of the sequence 5 0 -RRRC(A/T)(T/A)GYYY-3 0 ) separated by 0-13 bp (el-Deiry et al., 1992) . It is currently believed that p53 binds optimally to this sequence as a tetramer, with each half of the p53-binding site interacting with two monomers of p53 (Arrowsmith and Morin, 1996) . In addition, p53 possesses the exonuclease activity, suggesting involvement of the protein in the DNA repair (Janus et al., 1999a, b) . DNA topology is of fundamental importance for a wide range of biological processes including DNA transcription, replication, recombination, control of gene expression, genome organization, etc (Palecek, 1991; Bates and Maxwell, 1993; Pearson et al., 1996) . DNA protein binding is often supercoiling dependent. The excess energy contained in supercoiled DNA (scDNA) can be relieved by protein binding. Any binding process that requires or utilizes the distortions in scDNA is favored by supercoiling. A number of DNA-protein complexes involve the wrapping of DNA around the protein, and their binding is promoted by negative supercoiling due to stabilization of writhing (Bates and Maxwell, 1993) . p53 can modulate the activity of topoisomerases either by direct molecular interactions or by transcriptional regulation, suggesting a possible relation between the p53 function and the DNA topology. Wild-type p53 protein preferentially binds to scDNA even in absence of the target sequence in the DNA molecule (Palecek et al., 1997 Brazda et al., 2000; Pospisilova et al., 2000; Brazdova et al., 2002) . Strong binding of wt p53 to scDNA not containing the CON (e.g. pBluescript) was termed supercoil-selective (SCS) DNA binding. This binding was stronger in bacterially expressed p53 than in insect cell-expressed p53, suggesting the involvement of post-translational modification in this binding. The SCS/p53 binding was inhibited by some metal ions and by oxidation of the protein (Fojta et al., 1999) . It was concluded that p53 binding to scDNA may involve both the core and the C-terminal domains (Palecek et al., 1997 (Palecek et al., , 2001 . By means of the gel electrophoresis and immunoblotting used in our previous experiments, it was difficult to differentiate between sequence-specific binding and SCS binding.
To overcome this difficulty, we propose a new competition assay of the effect of DNA supercoiling on p53 binding to different p53 target sequences (Figure 1) . We show by this assay, which enables elimination of the effect of SCS p53 binding, that supercoiling enhances binding of p53 to synthetic sequences in pPGM1 and pPGM2 DNAs, as well as to p21 and RGC promoters, inserted in pBluescript (Table 1) . This enhancement is more intense in pPGM1, pPGM2 and p21 than in the RGC insert. No such enhancement was observed with the p53 core domain (93-312 aa) and p53CD30 (1-363 aa), suggesting the involvement of the C-terminal domain in p53 SSDB to scDNA.
Results
Target sequences in scDNA are stronger competitors than the same sequences in linear DNAs (lin DNAs)
In this paper, we addressed the question whether the DNA supercoiling can enhance the p53 SSDB. To answer this question, we performed competition experiments, as described in Figure 1 , using recombinant scDNAs with different p53 target sequences (Table 1) . As controls, we used sc pBluescript DNA (without the target sequence) and mixtures of the latter DNA with 20-mer oligodeoxynucleotide (oligo), whose sequence corresponded to the target insert in the given scDNA (e.g. in pPGM1, Table 1 ). On addition of any of the competitors (in 1.5 excess to the indicator PvuII DNA fragments), we followed changes of indicator band R (produced by the p53-DNA complex) (Figure 2a , lanes 3-11). The intensity of this band decreased by about 80% on addition of sc pPGM1, but only by 15% on addition of pBluescript scDNAs; equimolar concentration of a nonspecific 20-mer oligo (not containing the p53 target) in sc pBluescript sample had essentially no effect (not shown). All scDNAs that contained target inserts were the strongest competitors (Figure 2b ). Mixtures of pBluescript scDNA with the p53 target 20-mer oligos were the second strongest competitors. These results suggested that binding of p53 to the given p53 targets was stimulated by the DNA supercoiling. The strongest ability of scDNA to compete for p53 binding to p53 target in a lin DNA fragment was observed in pPGM1. Similar results were obtained if the radioactively labeled 20-mer oligos were used as indicators instead of the 474 bp fragment (not shown).
It has been recently reported that the affinity of p53 for targets in short oligos is lower than for those in longer DNA fragments (Espinosa and Emerson, 2001) . We compared sc and ScaI linearized pPGM1 DNA as competitors, and found that linDNA was a much weaker competitor than scDNA (Figure 3c ), differing only slightly from the mixture of lin pBluescript with the 20-mer oPGM1. Similar experiments were performed using sc and lin pP21 and pRGC DNAs (not shown). With pP21, the results were very similar to those obtained with pPGM1, but sc pRGC DNA was only a slightly better competitor than linDNA. Relaxed pPGM1 showed almost the same effect on band R as linDNA. We can thus conclude that it is not the Figure 1 Diagrammatic scheme of the competition experiment, testing the ability of scDNAs to compete for sequence-specific binding of the p53 protein to (i) 474 bp PvuII fragment from pPGM1 DNA. (ii) In the absence of competitors, this binding results in a well-resolved retarded band R on the agarose gel (Palecek et al., 1997) . (iii) If p53 target ( ) containing DNA is used as a competitor, the intensity of band R strongly decreases. (iv) Substantially smaller decrease of this band is caused by a mixture of sc pBluescript DNA with a 20-mer oligodeoxynucleotide target ( ) sequence; (v) a mixture of sc pBluescript DNA with a 20-mer random sequence induces even a smaller effect on the band R intensity. Linearized and relaxed DNAs were also used in addition to the above competitors (see the text) circularity of the DNA but its superhelicity, which is responsible for the enhancement of p53 sequencespecific binding to DNA.
p53 dissociates from linear and nicked DNAs, but not from scDNA
We were interested whether p53 already bound to the CON in a DNA fragment is dissociated from its binding site in the presence of the same sequence in scDNA. We performed the same competition experiment as in Figure 2 , but first allowed the p53 protein to bind to its target in a 474 bp DNA fragment. After 30 min incubation, competitors were added in 1.5-fold excess. As competitors, we used sc pPGM1 DNA, or scDNA pBluescript with an oligo-t (oligo with p53 target sequence), or scDNA pBluescript alone. As soon as 5 min after beginning incubation with sc pPGM1 DNA, the intensity of band R decreased by 52%. Incubation with a mixture of pBluescript DNA with oligo-t resulted in a decrease of band R by 23%, while pBluescript DNA alone induced no measurable change in the intensity of band R (Figure 3b ). After 60 min incubation, further decrease in the band R intensity was observed. We compared the strengths of p53 binding to the 474 bp fragment and to sc pPGM1 DNA by titrating (i) the p53-474 bp DNA complex with increasing amounts of sc pPGM1 DNA ( Figure 3a , lanes 8-10) and (ii) the p53-sc pPGM1 DNA complex with increasing amounts of PvuII fragments of pPGM1 ( Figure 3a , lanes 3-5).
Incubation with one-and twofold excesses of the sc pPGM1 DNA for 10 min strongly decreased this band intensity, and at a fourfold excess band R disappeared ( Figure 3a , lanes 7-10). These results suggest that sc pPGM1 DNA is a strong competitor that induces quick dissociation of p53 from its target sequence in a lin DNA fragment. If p53 was bound first to sc pPGM1 DNA and titrated in the same way with the PvuII fragments, no band R appeared even in the presence of the fourfold excess of the competitor ( Figure 3a , lanes 3-5). Similarly, when p53 was first incubated with sc pP21 DNA followed by addition of a threefold excess of PvuII fragments, no band R appeared, suggesting the absence of dissociation of p53 from scDNA ( Figure 3c , lane 2). The same result was obtained at fivefold excess of PvuII fragments (not shown). These results ( Figure 3 ) suggest that the affinity of p53 for its target in scDNA was greater than for the target in lin DNA fragments, in agreement with the results shown in Figure 2 . We were interested whether relaxation of DNA by DNaseI will affect the stability of the p53-pP21 complex. We treated the scDNA-p53 complex with different concentrations of DNaseI for 5 min, followed by addition of a threefold excess of PvuII fragments. Dissociation of p53 from the pP21 DNA increased with the DNaseI concentration ( Figure 3c , lanes 3-5), suggesting that DNA binding of p53 to scDNA was weakened due to introduction of strand breaks and relaxation of the DNA. It is thus possible that the earlier results of the scDNA footprinting by DNaseI (Kim et al., 1999; Espinosa and Emerson, 2001) were affected by p53 dissociation from the DNA. On the other hand, inhibition of p53 SSDB to the mdmd2 promoter in scDNA was not affected by DNaseI cleavage (Kim et al., 1999) , because no p53 was bound to this target.
Cruciform within the p53 target sequence in scDNA
Together with the HindIII site, the target sites in pPGM1 and pP 21 formed imperfect inverted repeats with a potential ability to extrude cruciform with Table 1 ) containing different p53 target inserts (lanes 3,5,7,9) and mixtures of pBluescript (SK-) with 20-mer oligos for p53 SSDB (lanes 4, 6, 8, 10) to p53 target in a lin 474 bp fragment. (a) A measure of 0.4 mg of indicator pPGM1/PvuII (lanes 1-11), with 0.6 mg of competitor sc pPGM1 (lane 3), sc pPGM2 (lane 5), sc pP21 (lane 7), sc pRGC (lane 9), sc SK-(lane 11), sc SK-þ oPGM1 (lane 4), sc SK-þ oPGM2 (lane 6), sc SK-þ oP21 (lane 8) and sc SK-þ oRGC (lane 10) were incubated with 0.35 mg of wt p53 (lanes 2-11) in 50 mM KCl, 5 mM Tris-HCl (pH 7.6) and 0.01% Triton X-100 on ice for 30 min. Samples were electrophoresed on 1% agarose gel at 100 V and 41C for 3-4 h. The molar ratio of p53 tetramer/DNA 3/1 and the change in intensity of band R (pPGM1/PvuII) were evaluated by densitometric tracing. (b) Bar graph of decreasing indicator R band intensities (lanes 3-11) expressed as the percentage of band R without competitor DNAs (lane 2). Black bars correspond to scDNAs with p53 targets (pPGM1, pP21 and pRGC) or without p53 target (pBluescript) as competitors, white bars to the mixture of sc pBluescript with 20-mer oligo-t single-base mismatches in each of its 13 bp stems ( Figure 4a , Table 1 ). In addition to pPGM1, we used another DNA (pPGM2) differing in two bases and forming a perfect inverted repeat (Figure 4a) . Using nuclease S1, we did not observe any indication of a cruciform presence in pP 21 (not shown), but we detected the presence of cruciforms in sc pPGM1 and pPGM2 (Figure 4b) . A comparison of the band intensities resulting from S1 cleavage suggested that the cruciform content in pPGM1 was about 40% of that present in pPGM2. On the other hand, pPGM2 was only a slightly better competitor than pPGM1 (Figure 4c, d ). To understand better the effect of cruciforms on p53 binding, we compared cruciform-containing and cruciform-free pPGM2. We found that removal of the cruciform resulted in about a twofold decrease in the ability of this DNA to compete for p53 binding (Figure 4d ).
C-terminal domain is important for enhanced p53 SSDB to scDNA
We were interested whether the binding of the isolated core domain 94-312 aa (p53CD) and of the deletion mutant p53CD30 to the CON in scDNA will be equally enhanced as that of fl p53. We performed the competition experiments in the same way as with the fl p53 ( Figure 2 ). We observed practically no difference in the binding affinity of the deletion mutant p53CD30 to lin and scDNAs ( Figure 5 ). Similarly, p53CD displayed essentially no difference in lin and scDNAs competitor efficiencies (not shown). These results suggest that it is the C-terminal domain, which plays a critical role in the enhancement of SSDB to scDNA.
Discussion

Unconstrained supercoiling in eucaryotic cells
The effect of DNA supercoiling in regulating the p53 biological activity and the SSDB has become a topic of interest only recently (Kim et al., 1997; Mazur et al., Palecek et al., 1997 Palecek et al., , 1999 Brazda et al., 2000; Brazdova et al., 2002; Jagelska et al., 2002) (for a review, see Hupp, 1999) . In contrast to the prokaryotic genome, the eucaryotic genome was long believed to not be under superhelical stress due to accommodation of DNA writhing around histone octamers in nucleosomes (van Holde and Zlatanova, 1994; Pearson et al., 1996) . The actively transcribing portion of the eucaryotic genome was, however, shown to contain unconstrained supercoiling, part of which can be attributed to the process of transcription per se (van Holde and Zlatanova, 1994; Pearson et al., 1996) . Using prokaryotic cells, it has been recently shown (Krasilnikov et al., 1999) that the effects of transcriptionally driven supercoiling are remarkably large scale in vivo (in the kbp range). Similarly to the transcriptional effects, intermediate supercoils are formed during DNA replication, both behind and in front of the replication fork, and superhelical stress is distributed throughout the entire replicating DNA molecule (Peter et al. (1998) and references therein). A number of additional processes may operate, creating transient and localized . Cruciform-free scDNA was a lesser competitor than cruciform-containing sc pPGM2 DNA. The presence or absence of cruciform structure in scDNAs was determined by nuclease S1 cleavage on ice (to prevent secondary cruciform extrusion at higher temperatures) p53 binding to target sequence in supercoiled DNA E Paleček et al superhelical stresses in eucaryotic DNA (van Holde and Zlatanova, 1994) .
Effect of supercoiling on p53 DNA sequence-specific binding
In spite of a large amount of literature on p53 (reviewed in Levine, 1997; Jayaraman and Prives, 1999; Hupp et al., 2000) , little is known about the mechanism by which this tumor suppressor interacts with its target genes and regulates their expression. Recently, using the natural p21 promoter, it was reported that p53 functioned synergistically with the histone acetyltransferase p300, to activate transcription through chromatin from a distance at least 1.4 kb (Espinosa and Emerson, 2001 ). p53 associated with reconstituted chromatin in vitro at a higher affinity than with naked DNA. Higher p53 affinity for the p21-binding site was explained by the presence of non-B structures in the chromatin DNA. The effect of supercoiling in the plasmid was, however, not considered. Here, we show for the first time that p53 SSDB can be enhanced by negative supercoiling. The extent of the enhancement depends on the p53 target sequence (Figure 2 ). In pPGM1 and pPGM2, band R intensity decreased down to B20% (Figure 4c, d) , suggesting that the relative affinity of p53 to scDNA was about fivefold higher than to lin DNA, provided that in sc pPGM1 and pPGM2 the p53 protein was bound only to the CON. Assuming that p53 was distributed between the p53 target and the rest of the scDNA molecule in the same way as in the mixture of sc pBluescript DNA and oligo-t, only a 2.8-fold higher affinity for the CON in scDNA was obtained, as compared to lin DNA. In contrast to pP 21 , pPGM1 and pPGM2, in pRGC the effect of supercoiling was very low, making it difficult to evaluate p53 affinity changes.
DNA bending and cruciform structures involving the consensus sequence can be responsible for enhanced p53 binding to scDNA DNA bending Recently, it has been shown that HMGB1 protein can serve as an activator of p53 SSDB (Jayaraman et al., 1998; McKinney and Prives, 2002) . HMG1-type proteins interact with DNA in a nonspecific manner and, similarly to p53, they bind preferentially to scDNA (Jayaraman et al., 1998; Stros and Muselikova, 2000) . They are able to recognize and bind a variety of local DNA structures such as DNA B-Z junctions, four-way junctions, cruciforms and stemloops; on binding to DNA, they bend the DNA more efficiently than p53 (McKinney and Prives, 2002) . It was proposed that HMG1 could help to provide the optimal DNA structure for p53 binding due to the ability of HMG1 to strongly bend the long DNA axis. It was previously shown that the SSDB of fl p53 and of p53CD induced axial bending in lin DNA (Cherny et al., 1999) . A similar bending was observed on binding of p53CD in the waf1/cip1/p21 response element, while bending in RGC was much smaller (Nagaich et al., 1997 (Nagaich et al., , 1999 . We have not found a cruciform structure in pP21 at native superhelix density, but the extreme flexibility/bendability of the waf1/cip1/p21 response element, observed recently by means of AFM in 168 bp DNA microcircles (Zhou et al., 2001) , predisposes this sequence in pP 21 to bending under superhelical stress. No such properties have been observed in the RGC sequence (Table 1) and this sequence does not seem suitable for cruciform formation. It thus appears probable that the enhanced p53 SSDB in sc pP 21 (Figure 2 ) was due to a supercoilinduced bend in the p21 response element.
Cruciforms We have previously suggested that the preferential binding of p53 to scDNA may be connected with the presence of local supercoil-stabilized structures in scDNA (Palecek et al., 1997) . It was found that the conformational state of the target sequence in oligos is an important determinant for p53 SSDB (Kim et al., 1997; Gohler et al., 2002) . The enhanced p53 SSDB observed in long DNA molecules (Espinosa and Emerson, 2001 ) was assigned to a hypothetical structural changes in these molecules. Further, it was shown that the characteristic features of the cruciform (the single-stranded loop (Hupp, 1999) , four-way junction (Lee et al., 1997) and the double-stranded stem) involving the target sequence, as well as the cruciform itself (Jett et al., 2000) , represent known p53-binding sites. We detected cruciforms and observed enhanced p53 SSDB in both pPGM1 and pPGM2 scDNAs (Figure 3b, c) . Removal of the cruciform in sc pPGM2 resulted in a significant decrease, but not in an elimination of the enhancement of the p53 SSDB. We may thus conclude that (i) the presence of a cruciform in the scDNA target sequence enhances p53 SSDB (Figure 4d ), (ii) cruciforms are not the only source of Other details are as in Figure 2 p53 binding to target sequence in supercoiled DNA E Paleček et al the enhancement of p53 SSDB to scDNA. Enhanced p53 binding was observed also with pP21, where no cruciform was detected. We found that less than half of DNA molecules with extruded cruciforms in pPGM1 was sufficient to induce approximately the same level of p53 SSDB enhancement (Figure 4d) as that produced by pPGM2 DNA containing more than a twofold higher cruciform content (Figure 4b ). These results thus showed that cruciforms in pPGM1 and pPGM2 were not equal in their ability to enhance p53 SSDB. The pPGM1 cruciform containing two base mismatches in each of its stems (Figure 4a ) was therefore a more efficient enhancer than the perfect cruciform of pPGM2. This is in excellent agreement with the enhanced p53 binding to mismatch-containing stem-loop oligo structures observed recently by Gohler et al. (2002) .
Enhanced p53 SSDB to scDNA requires both the p53 core and C-terminal domains
We observed little or no enhancement in binding of p53CD or p53CD30 to scDNA, as compared to lin pPGM1 DNAs (Figure 5a ), suggesting that the p53 C-terminus is critical for the enhanced SSDB to scDNA. It appears probable that it is the core domain that recognizes the sequence, while the C-terminus strengthens this binding by interacting with the local supercoilstabilized structure. We have previously showed the involvement of the C-terminus in p53 binding to scDNA not containing the p53 target (Palecek et al., 1997; Brazdova et al., 2002) . Here, we show that the C-terminus can also act as a positive regulator in p53 sequence-specific binding to scDNA. Positive regulation of SSDB by the C-terminus was observed by Gohler et al. (2002) in studies of p53 binding to stem loop oligo structures, and by McKinney and Prives (2002) , who studied p53 binding to the 66 bp oligo (containing a p53 binding site) when it was locked in a microcircle. The question of the mechanism of p53 latency and the role of the C-terminus has been intensively discussed (Ayed et al., 2001; Yakovleva et al. (2001) and references therein). This discussion may soon lead to more complex models involving not only the interactions and conformations of p53, but also the global and local DNA structures, as well as the positive regulation of p53 binding. We can assume that DNA supercoiling creates a sharp bend and/or stabilizes a cruciform structure, thereby forming a DNA bend (Palecek, 1991; Yagil, 1991) involving a target sequence. It is reasonable to expect that p53 binds to these structures through both the core domain and the C-terminus. In these structures created by the DNA supercoiling, the double-stranded target sequence and segments with single-stranded character (including sharply bent DNA) can be in close proximity to each other, thus providing possibilities for simultaneous binding the C-terminus and the core of p53 ( Figure 6 ). Such binding should be naturally stronger than binding by the p53 core domain alone to lin duplex DNAs. Earlier, we showed that in sc pPGM1 DNA, the p53 protein binds preferentially to the CON (Palecek et al., 2001) ; in AFM images, p53 was frequently bound to the apex of the circular pPGM1 DNA (Palecek et al., 1997) , suggesting that p53-bound sequence specifically to the prebent DNA and/or its binding to scDNA resulted in a sharp bend in scDNA.
DNA supercoiling in the p53 regulatory network
Considering the local level of DNA supercoiling in eucaryotic DNA as an extremely dynamic system (van Holde and Zlatanova, 1994; Pearson et al., 1996) and the relations between the p53 and DNA topoisomerases as well as the results of this and earlier papers on p53 binding to scDNA (Palecek et al., 1997 (Palecek et al., , 2001 Kim et al., 1999; Mazur et al., 1999; Brazda et al., 2000; Brazdova et al., 2002; Jagelska et al., 2002) , we propose new aspects of the regulation of p53 SSDB. We predict that, in the complex p53-regulatory network, p53 DNA binding is determined not only by properties of p53 (potentially resulting from postsynthetic modification and protein-protein interactions), but also by various properties of DNA, including local DNA superhelix density and the abilities of the given p53 target and its flanking sequences to undergo conformational changes. These changes may result from various events affecting DNA supercoiling and occurring at distant DNA sites. DNA supercoiling might influence also nonspecific p53 binding and stabilization of p53 (Palecek et al., 1997) . It was recently reported that blocking the DNA synthesis with hydroxyurea or aphidicolin impaired p53 transcriptional activity in spite of extensive p53 Figure 6 Scheme of the p53 SSDB to lin and scDNAs. In lin DNA, p53 binds to the CON only by the core domain producing a moderate bending of DNA (Cherny et al., 1999) . Supercoiling can stabilize local DNA structures such as cruciforms and induce DNA bends. If the supercoil-induced DNA conformational change is sufficiently close or coincide with the target sequence, enhanced p53 binding can take place involving both the core and the Cterminal domains (see the text for details) post-translational modification and stabilization (Gottifredi et al., 2001) . Under these conditions, several p53 transcriptional targets (including p21) exhibited little or no induction. To explain this finding, some factors were proposed, including the action of an as-yet-unidentified p53 specific repressor (Gottifredi et al., 2001) , but the involvement of DNA structure at or near the p53 target has not been discussed. It has been appreciated that supercoiling may up-and downregulate some promoters, while other promoters may remain uninfluenced (reviewed in Palecek, 1991; Yagil, 1991; Pearson et al., 1996) . Considering the recent finding that superhelical stress is distributed throughout the entire replicating DNA molecule (both in vitro and in vivo) during the DNA replication (Peter et al., 1998) , as well as the supercoil-induced suppression (Kim et al., 1999) or enhancement of p53 SSDB (Figure 2) , we speculate that it is the change in DNA supercoiling and concomitant changes in local DNA structures that can affect DNA transcriptional activity when DNA replication is blocked.
Materials and methods
DNA and p53 protein
Duplex oligo p21, RGC and PGM2 with HindIII adapters (Table 1, Figure 3a) were cut with HindIII and inserted into the HindIII site of pBluescript II SK(À). The ligated DNA was then used to transform electrocompetent cells of the Top10 strain of Escherichia coli (Invitrogen). DNA from single colonies selected for AMP resistance were digested with PvuII and electrophoresed. Clones with a PvuII fragment longer than 448 bp were subjected to amplification with M13-20 primer (5 0 GTAAAACGACGGCCAGT3 0 ), and with the oligo strand of the duplex oP21, oRGC and/or oPGM2. The constructs with defined length (84 bp) and orientation were selected. The constructs containing the p21 target sequence were denoted as pP21 and that with the RGC as pRGC (Table 1) . pPGM1 was prepared as described (Palecek et al., 1997) . Wt human fulllength (fl) p53 protein expressed in insect cells was prepared and characterized as described (Palecek et al., 1997) . A molecular weight of 53 kDa of this post-translationally modified protein was considered in all calculations. The p53 core domain (fragment 94-312, p53CD) and p53 C-terminal deletion mutant (fragment 1-363, p53CD30) were expressed in bacteria, isolated and characterized as described (Brazdova et al., 2002) .
New method for analysis of the effect of DNA supercoiling on p53 binding to different p53 target sequences
We used band R (Figure 1 ) as an indicator for testing the ability of scDNAs to compete for sequence-specific p53 binding. As competitors, we used (i) scDNA containing a p53 target sequence, (ii) pBluescript scDNA in a mixture with an equimolar concentration of the 20-mer oligo-t (Table 1) , (iii) pBluescript scDNA in a mixture with an equimolar concentration of a 20-mer oligo, whose sequence was not a p53 target and (iv) pBluescript scDNA alone. Competitors (iii)-(iv) were used to compensate for p53 binding to other sequences in scDNA, except the p53 target. In addition, ScaI linearized and relaxed DNAs were used as competitors, relaxed DNAs were prepared by topoisomerase I (Promega). In the presence of a competitor, the intensity of the band R decreased. The extent of this decrease was taken as a relative measure of p53 binding to the competitor, as compared to the p53 target-containing 474 bp DNA fragment in the absence of the competitor. Standard deviations of these determinations, obtained with different competitors, were below 3.5% (calculated from 12 determinations of one competitor).
Competition experiments
In all, 0.6 mg of the competitor, 0.4 mg of the indicator pPGM1/ PvuII fragments and p53 protein were mixed at 1/3 molar ratio (the ratio was calculated from the concentrations of DNA and p53 tetramers) in 20 ml of DNA-binding buffer (5 mM TrisHCl, pH 7.0, 1 mM EDTA, 50 mM KCl and 0.01% Triton X-100). The samples were incubated for 30 min on ice and loaded on a 1% agarose gel containing 0.33 Â Trisborate-EDTA buffer, pH 8.0. p53 dissociation from DNA fragments or from scDNA was studied in a similar way, but the competitor was added only after the p53-DNA complex formation. Electrophoresis was performed for 4 h at 100 V (usually 4 V/cm) at low temperature (B61C). The gels were stained with ethidium bromide, photographed, scanned and rendered digitally. The band intensities were quantified by Image QuaNT software. Electrophoresis on 4% PAGE was done in a similar way, but instead of the DNA PvuII fragment, 32 P-labeled oPGM1 was used.
S1 nuclease cleavage
For the cruciform detection, 2 mg of plasmid was digested by S1 nuclease (2 U/ng DNA) for 20 min at 371C in the nuclease S1 buffer (30 mM sodium acetate pH 4.6, 280 mM NaCl, 1 mM ZnSO 4 ). After the cleavage, samples were precipitated by ethanol, dissolved in the water and digested by the restriction endonuclease ScaI for 90 min.
Preparation of cruciform-free scDNA
Cruciform-free scDNA was prepared as described (Murchie and Lilley, 1992) . Briefly, plasmid DNA in the presence of a high concentration of ethidium bromide is positively supercoiled and free of cruciforms or any local open structures. To regenerate negatively scDNA without cruciforms, we removed ethidium bromide at a low temperature in the absence of helixdestabilizing agents. We took DNA in CsCl solution, added an equal volume of 1-butanol and vortexed. After phase separation, the organic phase was removed. In order to remove CsCl, DNA was centrifuged at 14 000 g in Microcon YM-50 columns. To check the cruciform removal, the plasmid was treated with nuclease S1 on ice (to prevent cruciform extrusion at higher temperatures).
Abbreviations scDNA, supercoiled DNA; lin, linear DNA; oligo, oligodeoxynucleotide; oligo-t, oligodeoxynucleotide with p53 target sequence; SK-, plasmid pBluescript SK-; SCS, supercoilselective; SSDB, sequence-specific DNA binding; fl, full length; wt, wild type; CON, consensus sequence.
